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ABSTRACT: Light-driven synthesis of plasmonic metal nanostructures has garnered broad scientific interests.
Although it has been widely accepted that surface plasmon resonancegEsieRjted energetic electrons play an
essential role in this photochemical proceke, exact function of plasmeagenerated hot holda regulating the
morphology of nanostructurdsas not been fully exploredierein, we discover that those hot holes work with
surface adsorbates collectively to control the anisotropic growth of goldn@gstructures. Specifically, it is
found that hot holes stabilized by surface adsorbed iodide enable thelsitive oxidative etching of Auwhich

leads to nonuniform growths along different lateral directions to formpaixted Au nanostars. Our studies
establish a moleculdevel understanding of the mechanism behindalasmondriven synthesis of Aunanostars

and illustratethe importane of cooperation between charge carriers and surface adsorbates in regulating the
morphology evolution of plasmonic nanostructures.

Plasmordrivengrowth of noble metal nanostructures has garnered extensive scientific interests in the past two
decades?® Previous studies have shown that the excitation of surface plasmon resonance (SPR) on seed
nanoparticles produces energetic (or fAhotod) electro
various anisotropic noble metal nanostruct§re$!® Nevertheless, it is noted that in reported proceséds.
nanostructure synthesis, thetentialof hot holes (the counterparts of hot electrdios)tuning the morphology
evolutionstill remains elusive

Herein, we found that those plasmgeneratd hot holes worked cooperatively with surface adsorbates to control
the anisotropic growth of Au nanostructures. Under vidiblat irradiation, the addition of iodide into a growth
solution containing plangwinned Au seeslproduced sixpointed Au nandsrs instead of regular nanoprisms.
Further studies showed that those Au nanostars were formed only under irradiation in thevsietesrgth region
(i.e., < 600 nm) of Au SPR that generated highly energetic interband holes, suggestihgle-th@tenprocess in
photochemical reactions. Additionally, photoelectrochemical studies showed enhancements in both the anodic
opencircuit potential (OCP) shift and the oxidative photocurrent on a Au nanocrystal electrode in the presence of
iodide. These obseniahs demonstrated that the coupling between suddserbed iodide and hot holes
facilitated the heholedriven surface etching of Au. Moreover, the examinatioomofphologyevolution of
intermediate Au nanostructures durihg growth confirmed that ferential hothole-driven etching occurred on
edgesexposing morehightindex facets, which caused nonuniform lateral growths and eventually led to the
formation of Au nanostars. Taken together, our results established a clear picture of the esseatiablele
adsorbate cooperation in governing photochemical processes and enabling the control of nanostructure morphology
in plasmondrivensynthesis.

I n a typical experiment, a rowth solution”®Wfars irr
20 min. Then,potassium iodideKl, 4 ¢ M) was added and the mixture was
min. Interestingly, siypointed Au nanostars withtiggt i p | engt h ar ou rstlAaddSZAwere 30 nr
formedinstead of previously reported regular Au nanopriéfm&u nanostars showed a broad absorption in the
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nearinfrared region (Figure S2B).Thelected area electron diffraction (SAED) pattern of alfleitg Au nanostar

(Figure SZ) was indexed to fL11] zone axis, suggesting that Au nanostars were single crystals bound by {111}
facets on top and bottom faces. Further studies showed that similar Au nanostars were produced when replacing Kl
with sodium iodide Nal, Figure S3A). Meanwhile, only regular Au raarisms were found in the absence of iodide
(Figure S3B). Both results strongly suggested that iodide was necessary for forming Au nanostars.

Figure 1.Scanning electron microscopy (SEM) images of Au nanostructures obtaingadisomondrivengrowth

of planar twinned Au seeds in the presence of iodide. (ApSixi nt ed Au nanostars form
irradiation 34 mW/cr . ( B) Regul ar Au nanoprisms fornfeScalender
bars in both (A) and (B) staridr 200 nm.

lodide is commonly used to passivate the growth of Au {111} facets for controlling the morphology of Au
nanostructures in wet synthe&t$! However, the aforementioned growth solution only generated regular Au
nanoprisms in the dark (Figure3S), suggesting that the facet passivation by iodide should not govern the
morphology evolution of Au nanostars. Thus, the formation of Au nanostars should arise from the participation of
both iodide and the SPR excitation. It is noted thaBPR excitabn generates three effects on Au nanopatrticles:
hot electrorhole pairs, enhanced local electromagnetic (EM) fields, and photothermal é#4tidgder steady
state conditions, the high thermal conductivity of Au should create a homogeneous temgistaitoiéon along
Au seed nanoparticléd?® making photothermal heating impossible to drive the anisotropic growth. Meanwhile,
the symmetry of Au nanostars was found to be different from that of distribution of enhanced local EM fields
excited by norpolarized light sources used in our studk/ Therefore, the formation of Au nanostars must involve
hot-carrierdriven processes associated with iodide.

Interestingly, the formation of Au nanostars only occurred when irradiating the growth solutiorhavitér s
wavelengths of Au SPR (< 600 nm, Figures S484E). Using longer wavelengths (> 600 nm) solely produced
regular Au nanoprisms (Figures 181dS4Fi S4H). It has been known that the SPR excitation of Au nanoparticles
prompts both i)ntamalbamd efdmnd @ Y sp) transitions
shorter wavelength®§3* Intraband transitions distribute a larger portion of photon energy to hot electrons and
generate lukewarm holes, while interband transitions genaratrger population of highly energediband holes
coupled with relatively less energetic electrédhd.Neverthelesshoth types oplasmonrgenerated hot electrons
carry energisabove the Fermi level of Au nanoparticles (0.7 V vs. normal hydrogen electrode, NHE) that is well
above the reduction potential AtCls (1.002 V vs. NHE), making hatlectrondriven processes unlikely to have
such an energy (i.e., wavelength)-offt Taken together, the coincidence of the observed wavelength dependence
of nanostaformationand the interband transition threshold (ca. 2 eV, 620%#H¥ implied that those hot holes
generated via interband transitsshould work together with iodide determine the formation of Au nanostars.

lodide has been known as a hatediator indye-sensitized solar celland the hehole-driven oxidative etching
has been reported for the dissolution of Au and Ag nanostruébifeBhus, it is very likely hat iodide in the
growth solution strongly adsorbed on the surface of Au seed nanoparticles to foodidaispecie$*** plasmon
generated hot holes were then trapped and stabilized on the adsorbed iodide and drove the oxidative etthing of Au
It is nated that iodide would also form stable complexes with @d Ad* ions to accelerate the oxidative etching
of Au®.#

The collective interaction between hot holes and iodide was verified by an anodic shift of OCP on a Au
nanocrystal electrode peelsorbedvith iodide under irradiation (Figure 2A). It is noted that the pluvteen OCP
shift reflects the sign of electrolyte ions attached to the electféti&hus, plasmonrgenerated hot holes were
trapped and localized by surface-fudlide speciesvhile hot electrons were accumulated on the Au electrode and
attracted cations from the bulk electrolyte, leading to the anodic OCP shift. This is in contrast to the cathodic OCP
shift observed on an Au electrode adsorbed with eled¢tamping polyvinylpyrrolidone (PVP) (Figure 2A)%7



Furthermore, an oxidation peakca. 0.95 Ws.reversible hydrogen electrode (RHE) appeared in the linear sweep
voltammetry (LSV) scan of an iodies@sorbed Au nanocrystal electrode (Figure S5), corresponding to the one
electron oxidation of Atito Aul,.*® Moreover, chronoamperometry-tfl measurements showed an enhanced
steadystate anodic photocurrent in the presence of iodide (Figure 2B), confirming that the cooperative interaction
between hot holes and iodide faciiéd the oxidative etching of Au
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Figure2.( A) OCP of Au nanocrystal el ectrode in the pre
respectively. The anodic change of an ioeidisorbed Au electrode upon irradiation (shaded region) suggested
that plasmorgenerated hot holes were trapped and localized by surfagedfie species while hot electrons
accumulated on the Au electrode and attracted cations from the bulk electrolyte. In contrast, the cathodic change
on a PVPadsorbed Au electrode sygsted the attraction of anions from the bulk electrolyte by hot holes due to

the trapping of hot electrons by PVP. (B) Chronoamperometjyofl Au nanocrystal electrode at 1.03 V vs. RHE

in the presence of 120 ¢ M KIShaded regionsanubotly (&))anddaB) ceprasent K |
the light irradiation ufing 530 N 10 nm LED (240 mV

The examination of shape evolution of Au seed nanopatrticles revealed thattiodektiven oxidative etching
of Au® assisted by iodide played an important role in the formation of Au nanostars. It should be noted that due to
the strong affinity of iodide to A¢%**iodide should adsorb across the whole surface of Au seed nanoparticles and
facilitate the etching of Alat all exposed sites on growing Au nanostructures. However, the etching rate varied on
different sites with different coordination numhesadatoms with lower coordination numbexgreless sable
thus exhibitingfaster oxidative etchinf:>! As shownin Figure3A and Figure S6A, small hexagonal nanoprisms
with edges mainly consisted of lewdex Au{100 and Au{111} facets were formed in the initial 28in iodide-
free growth* Such a lateral growth was previously identified as a result e€leotrondriven AW deposition
assisted by PVP adsorbed along edges of ptavianed Au seedsWhen Kl was added for a 3@in growth, the
size of those nanoprisms kept increasing, beit torners became truncated, forming dodecagonal structures with
six edgegpreservedrom initial hexagonal nanoprisms and six new edges intersecting original ones (Figures 3B,
3D, S6B and S6[). The overall increase in size came from thediettrondriven deposition of AY while the
truncation of Au nanoprism corners resulted from the fastehdietdriven etching of Al due to their lower
coordination numbers.
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Figure 3. Morphology evolution of Au nanostructures
during the plasmodriven growth. (A)A SEM image of Au hexagonal nanoprisms formed in the initiain?®
iodide-free growth; (BJA SEM image of Au dodecagonal structures formed after a furtheri@growth from (A)
in the presence of KI; (CA\ SEM image of Au nanostars formed afggrother 3émin growth from (B) in the



presence of Kl. Scale bars in all SEM images correspond to 100 nm. (D) A schematic showing the preferential
etching (red arrows) at highdex edges that caused nonuniform growths (blue arrows) along different lateral
directions to form Au nanostafdanostructures shown in (A), (B), and (C) were isolated from the same batch of
synthesis at corresponding time psint

Furthermore, high-angle annular darfield (HAADF) atomicresolved scanning transmission electron
microscopy (STEM) images identified that those Au dodecagonal nanostructures exhibited alternatively arranged
low-indexedges and higindex edges (Figures 4, S7, and S8, Table S1), in whiclindexedges were preserved
from initial Au nanoprisms (Figure 4/And highindexedges corresponded to new intersecting edges formed from
the truncated corners (Figures 4B and 4C). Thoseihagx facets with more lowoordinated sites were expected
to serve as active sites for Humle-driven oxidative etching of Auand reduce the deposition rate ofAlrhus,
nonuniform deposition rates along different growth directions would leathid@xedges to evolve into tips (faster
growth, Figure S9A and highindex edgeso trenches (slower growth) to form Au nanostars. Indeed, after another
30-min growth we observed that those dodecagonal strucim®sinto Au nanostars (Figures 38D, S6C, S6D
and S8).

Figure 4. FilteredHAADF-STEM images along two edges of a single dodecagonal intermediate nanostructure (see
Figure S7 for more details). (4 filteredHAADF-STEM image of one edge acquired al¢@gl] zone axis. This

edge is dominated by leimdex facetsas indicated in the fige. (B) and (C) FilteredHAADF-STEM images of
another edge acquired alofidlZ zone axis. This edge is dominated by higthexfacets. Green lines in (A), (B),

and (C) denote the location of lemdexfacets, while red and orange lines denote the locafibigh-indexfacets.

Red and orange lines were used in alternative for a cle&se. It should be noted that in (A), facets with same
indices align along different directions because of the existence of twin bour{darjesmirror plane)Scale bag

in (A), (B), and (C) all represent 2 nm.

In summary, we have demonstrated that the synergy between plgsmemated hot carriers and surface
adsorbates provided a unique control over the anisotropic growth of plasmonic nanostructures. More importantly,
we discovered that iodide assisted thetade-driven oxidative etching of Au seed nanoparticles preferentially at
edges with highindex facets to counteract the fedéctrondriven Al deposition, leading to nonuniform growths
along different lateral directions to form Au nanostars. Elucidating the essential function of pizmmeoated hot
holes in our studies affirmed that both hot holes and hot electrons can be utilized in tdevaghsynthesis of
nanostructuresMoreover, it should be noted that the discovered cooperation of hot holes and iodide in our
plasmonic system can be extended to general ghatibed processes. For instance, Au nanostars were also
obtained by directlgxciting the interband transition of plartarinned seeds using blue light4 7 0 Ninth® n m)
presence of bromide (Figur&0 and 31). Taken together, our studies provide a comprehensive description of
the interaction between hot carriers and surfagsodates and illustrate its great potential in regulating
photochemical processes.
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Experimental Procedures

Materials

Gold (lll) chloride trinydrate (HAuG), polyvinylpyrrolidone (PVP, Mw = 40,000
Da), andpotassium iodide (KI) were purakedfrom Sigma Aldrich. Methanol (99.%)
was obtained from Fisher Chemicals. All synthesis processes were performed with
Nanopurevater( 1 8. 2 Mq) . Al | g | aagusaregasotutiowandringetl e aned
thoroughly with Nanopure water before use (cautidglia regiais highly corrosive adh
toxic: handle with care and use appropriate personal protection equipment).

Instrumentation

The light source used for tipasmondriven growth of Au nanostars was a halogen
lamp (DolanJenner Mi150) equipped with an internal IR holder/filter (to avextessive
heating). Singlavavelength bandpass filters were purchased from Thorlabs. Ultraviolet
visible-near infrared (UWis-NIR) spectra of products were collectasinga Shimadzu
UV-2600 spectrophotometer. Scanning electron microscopy (Skhiges of Au
nanostars ere collectedusing a FEI Nova Nano 430 SEM at the Nanoscale Research
Facility of the University of Florida. Selected area electron diffraction (SAED) patterns

and highangle annular darkeld (HAADF) scanning transmission electron microsgop
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(STEM) images weracquiredirom a transmission electron microsco@&M) operated

at an accelerating voltage of 300 kW Material Measurement Laboratory bfational
Institute of Standards and Technolddiote:Certain commercial equipmemtstruments,

or materials are identified in this paper in order to specify the experimental procedure
adequately. Such identification is not intended to imply recommendation or endorsement
by the National Institute of Standards and Technology, nor iseihded to imply that the
materials or equipment identified are necessarily the best available for the pyrjbee

probe forming optics of the instrumewas aberrationcorrected and the convergence
angle was set to approximately 13.5 mtddADF-STEM images were acquired using a
Fischione Model 3000 detectoin which the inner collection angle was set to
approximately either 58 mrad or 71 mrad. Electrochemical experiments were conducted
using a Autolab potentiostat(PGSTAT302N) fromMetrohm. Light sotces used in
electrochemical experiments were singlavelength LEB (470nm and 530 nm) with a

maximum power density of 240 m\W/ém

Experimental details
Synthesis of Au hanostars:

Au seeds were synthesized using a previously reported metfida: seed solution
was aged for more than two weeks before use. To synthesize Au nanostars, a solution
containing 5 mL of KO, 500 €L of 5 mg/ mL PVP solution,
of 10 MM HAuCks ol ut i on, and 1 €L of 4digegdowts eed s ol
solution). The seed solution contained a mixture of ptamemed seeds and penta
twinned seeds, while only plarawinned seeds can lead to the formation of Au nanostars.
To isolate planatwinned Au seeds from the mixture, the growth soluwas incubated
in a water bath at 24.5 utwidnedrAu seds wedea r k¢ o n
reported to grow faster thedark and would gain a heavier mass after the incubafioe.
incubated growth solution was then centrifuged at XDyPé for 10 min, allowing for the
precipitation of pentéwinned seeds. The supernatant of the growth solution after the

centrifugation contained mainly plar@vinned seeds and was then transferred to a glass
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vial with a Teflon-lined cap forthe plasmondriven growth. The growth solution was

irradiated by a halogen lamp equipped with a 520 +10 nm bandpass filtémat\dcn?.

Af t er 20 min of irradiation, 20 eL of 1 mM
solution (overaldl K soluttom vsas teem trradmted far anothed60 € M) . T
min to complete the growtfithe growth in the dark was carried out by storing the incubated

and centrifuged growth solution in the dark
Wavelengthdependent growth

Wavelengthdependent growth &s carried oudfter the incubation and centrifugation
of agrowth solution. i should be noted that small plastainned Au seeds in the growth
solution only had strong absorption near 520'rsn,that the growth would not happen if
the growth solution wasradiaed with wavelengtls too far from 520 nm from the
beginning ofplagmondriven synthesidnsteadthe growth solution was first irradiated at
520 + 10 nm for 20 min in the absence dafide. This initial growthstepenabled planar
twinned Au seeds to develdpto anisotropic(prismike) structurs that exhibited a
broader SPR absorption bahdfter this initial growth,KI was added to thgrowth
solution and the mixture was irradiategingbandpass filterwith targeting wavelength

(from 460nmto 640 nn) continwuslyfor another 60 min.
Electrochemical measurements:

Electrochemical measurements were carried out in a-gleegrode electrochemical
cell with a Pt wire counter electrode and a Ag/AgCI (3.5 M KCI) reference electrode. The
working electrode was a Au nanocrystal electrode, which was fabricated by sputering
nm of Au film on aFTO electrodeand then calcinating for 2 at 600 . Al
electrochemical experiments warenductedn 50 mL of 0.5 M NaCl@with apH value
tuned to 3.0 using HCIO(i.e., the pH of the growth solution). To modify the Au
nanocrystaklectrode with iodide, the working electrode was immersed in a INa®/O4
solution containing Kuntil its rest potentiabecamestable. The PVRdsorbed electrode
was prepared bymmerginga Au nanocrystal electrode in a 20 mg/mL PVP solution

overnightandthen rinsingwith water.
Edge facets identification using STEM:
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Dodecagonal intermediates obtained during the growth of Au nanostars were isolated
from the growth solution and loaded oR-@upportedCu grid. Amorphous silica particles
were depositedrior tothe deposition oAu nanostarso tilt Au nanostars for imaging their
edgesAs shown in Figure S1hé microscope stage was tiltedtive STEM chamber to
orient the nanocosnd uxdatutreer n,0 iam viwasdighedt h e
with the incident electron beam. ThbtainedSTEM images were filtered usimgi Tr e n d
Substr at e o-FifterslLite eersion 3t RHREM Research Inc.) as implemented in
Digital Micrograph (Gatan Inc.) to enhance the visualization of atomic colurhedilier
removel the low-frequency component of the imag@packgroundjhatwas prominent due
to the combination od high atomic number analarge sample thicknesBacetsexposed
on edges were then identified by matching the arrangement of atoms with that of

characteristic crystal models.

A B Tilting

Electron beam

Edge of
interest

Figure S1 The process of obtaining the atomésolved STEM image of an edge of a
dodecagonal structure. (A) A schematic showing the oriemtinrju nanostructures for
measuring edge facets. The sample stage was tilted until the edge of interestvatign
the incident electron beatblue arrow) (B) An example of the tilting process to align a

nanostructureThe red circle indicated the edgelieimaged.

S11

edg



Supplementary Figures and Tables
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Figure S2.Characterizations of Au nanosta&) A low-magnification SEM image of Au
nanostarsThe scale bar represented 500 (B). The UV-Vis spectrum obtained from an
agueous suspension of Au nanostars. The peak at ca. 900 nm stemmed from the Au
nanostars, and the shoulder peak at ca. 600 nm originated from the small population of Au
NPs grown from the pentavinned Au seeds thaemained in the growth solution after
incubation and centrifugation(C) A SAED pattern collected from a Au nanostar
(corresponding TEM image shown in the indging flat on a Cu grid. The pattern was
indexed to §111] zone axissuggestinghatthe top and bottom surfaces of the nanostar

are terminated by {111} facetahich was confirmed by atomic resolution HAAEBTEM

imagng (not shown). {422} and {220} Bragg reflectiors were labelled A forbidden

2{422} Bragg reflectionmaiked by thewhite circle indicatedthe presence of planar

defects>® Crystallographic directions within Au nanostars were extracted fnen$AED
pattern As indicated in the inset TEM image, tips Afi nanostars grew along [2]L
directions (yellowsolid arrows), and trenches grew along [110] directionstéadashed

arrows). Only one pair of tips and trenches were labeled for a clearer view
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Figure S3. SEM images ofAu nanostructuresormed under different experimental
conditions. (A) Au nanstarsformedfrom the plasmondrivengrowth in the presence of 4
eM of Nal . ( B) fdimeedftorhtheplasmandrigepgrowth imthe absence
of iodide. (C) Regular nanoprisniermedfrom the growthin the darkin the presence of

iodide

Figure S4.SEM images ofAu nanostructureformed from the plasmondriven growth
with different irradiation wavelengths. (A) (E) Au nanostardormed when shorter
wavelengths (< 600 nm, 3.4 mW/émvere used. (F) (H) Regular Au nanoprisnfermed
whenlonger wavelength€600 nm, 3.4 mW/cR) were usedScale bas stand for 500 nm

in all figures
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Figure S5.A linear sweep voltammetry (LSV) scan obtained on Au nanocrystal electrodes

in the presencaddcurve) and absence (black curvell@d0 ¢ MA pebk atca.0.95V

vs. RHE was observefbor the iodideadsorbed electrode, which originated from the-one
electron oxidation of AUto Auly.’
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Figure S6.SEM images showing thensemblef Au nanostructures durirthe plasmon
drivengrowth in the presence of iodide after (A) 20 minutes, (B) 50 minutes, and (C) 80
minutes of growth(D) A statistical analysis of products formed at each stage. The yield of
dodecagonal intermediate structures at 50 min was 59 + 3%, and the yield sthreab

80 min was45 + 3%. Over 200 nanostructures were counted at each stage to obtain the
distribution of structuresScale bars in alfA), (B), and (C)stand for 200 nm.
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Figure S7.Facet identification of the intermediate structure forrdedng the growth of
Au nanostars. (A) A scheatic showing the truncation of a regular Au nanoprisrfoton
the dodecagonal intermediate. Edges marked with greenveslecomposed of lowndex
facets that are typical for Au nanoprisms, and edges marikie@range colowerenewly
formed intersecting edges with higidex facets.Two types of edges were amged
alternatively.(B) Indication of the position ofwo edgeson an individual dodecagoha
intermediate structurexaminedy STEM.By arrangemengdge 1 and edge 2 represented
thosetwo types of edges shown in (XC) HAADF-STEM images along edgedf the
intermediate dodecahedral structui2) &nd €) HAADF-STEM images along edge 2 of
the intermediate dodecahedral structure., (@), and (E) are unfiltered copies
corresponding tamages shown in Figure 4AB, and4C of the main textrespectively.
From the facet identification shown in Figure 4, it can be concludedettgd 1
corresponded to a lowndex green edge in (A), aradige 2 corresponded to a hiigldex

orange edge in (A).

The facet analysis was conducted on 13 edges from 10 dodecagonal structures. Two types
of edges with drastically different percentages oflodex regions (i.eAu {111}, {110},
and {100}) and highindex regions were identified &ble SJ). The first type of edges had

approximately 68% lowndex components, while the second type of edges only had about

S16



23% lowindex component. Edges with more higldex components corresponded to

active sites for hehole-induced etching of Al

Table S1Summary of edge facets of dodecagonal intermediates

Structure # | Low-index component (%) | High-index ratio component (%)
Type 1

1 62.5 37.5

2 68.9 31.1

3 66.1 33.9

4 72.8 27.2

5 74.3 25.7

6 71.3 28.7

7 69.4 30.6

8 65.5 34.5

9 63.8 36.2

10 66.6 334
Average 681+3.9 31.9+3.9
Type 2

11 20.8 79.2

12 20.0 80.0

13 28.7 71.3
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Figure S8.Schematics of higindexed facet®bserved omlodecagonal intermediates as

viewed alonghe[112] direction.
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